Abstract. The generation of neutrino masses by inverse seesaw mechanisms has advantages over other seesaw models because the possible new particles of the former can be detected at the TeV scale. We propose a model that generates the inverse seesaw mechanism via spontaneous breaking of the lepton number. In the minimal realization, we extend the Standard Model (SM) with two scalars and two fermions, both groups carrying lepton number but being singlets under the SM gauge group. Moreover, the scalar sector allows spontaneously broken CP symmetry as result of the lepton charge assignment. The model gives rise to two pseudoscalar particles: a massless and a massive Majorons, which correspond to the goldstone boson of the lepton number breaking and a massive pseudoscalar respectively. The latter can take the role of dark matter with main decay channels to neutrinos and massless Majorons. In this scenario, we examine the model phenomenology under the light of the dark matter lifetime. We found that the decay mode to neutrinos is sensitive to ω, which is the ratio between the vevs of the new scalars. We found that the decay mode vanishes completely when ω 2/3. The decay width to scalars is crucial because it can destabilize drastically the dark matter. However, we found that this width vanishes completely in a certain region of the parameter space. Besides, we suggest a modification to the model solving the scalar decay problem. Finally, we propose a set of mechanisms that explain the Majoron dark matter relic abundance.
Introduction
The success of the Standard Model of particle physics (SM) has been established thanks to accurate predictions of many experimental observations [1, 2, 3, 4, 5, 6] . Nevertheless, the SM presents some theoretical and experimental issues that it cannot describe. One of these is the Dark Matter (DM), which is the largest matter component (∼ 85%) present in the Universe [7, 8, 9] . Another one is the neutrino oscillations [10, 11, 12, 13] , which are a consequence of the still-not-measured neutrino masses. Both issues provide a tantalizing connection between DM and neutrinos that can be realized in many ways (see, for instance, [14, 15] ).
From the observations in neutrino oscillation experiments, we get two important features of neutrinos: i) the leptonic mixing angles have very large values when compared with the ones in the hadronic sector, ii) the neutrino mass scale is very small with respect to the masses of the rest of the SM fermions [16, 17, 18, 19] . These two features could be interpreted as an indication of new physics beyond the SM scale.
The simplest SM-like framework with massive neutrinos assumes that neutrinos are Majorana particles. In this framework, Majorana masses arises via the dimension-5 Weinberg operator [20] . This operator respects main SM symmetries like Lorentz and the SU (3) × SU (2) × U (1) gauge structure, and it is build exclusively with SM fields. This operator can be generated at tree level only by minimally extending the SM in three ways. These are renormalizable constructions that are known as type I [21, 22] , II [23, 24] , and III [25] seesaw mechanisms. Each seesaw construction provides different predictions that can be tested in current and future experiments. The inclusion of new particles is unavoidable in these constructions and the explanation for the neutrino mass scale is closely related to the mass scale for the new particles.
Although in the SM, baryon and lepton numbers are accidental global symmetries, the seesaw mechanism explicits the breaking of lepton number through of the presence Majorana neutrino masses. This issue, in turn, comes from the fact that lepton number is already not a symmetry at the new particle scale. One way to alleviate this is assuming that lepton number is preserved at higher scale but it is spontaneously broken at some intermediate scale. In this scheme, the goldstone boson of the lepton number breaking appears and it is historically know as The Majoron [26] .
Although the Majoron appears as a massless particle, there are conjectures saying that global symmetries must be broken due to Planck scale effects. This would explain how the Majoron get its small mass [27] and why fully stable DM might not be possible [28] . When the Majoron becomes massive, the most important decay channel for this particle is through neutrinos [23, 29, 30, 31, 32] . For sub-keV majorons, those particles have lifetimes larger than the age of the Universe [29, 31] . A massive Majoron is electrically neutral and might have weak interactions, something that turns it into a potentially suitable Dark matter candidate. However, it is still not well understood how it acquires mass and how to produce a feasible relic DM abundance of massive Majorons in the early Universe. At this point, we could argue that the goldstone Majoron and the Majoron DM are different particles with a common origin.
On top of that, within the type I and III seesaw mechanisms and in order to give rise to small neutrino masses, the mass scale at which the new physics lives is around 10 12 GeV. However, the inclusion of extra fermions singlets, and interactions among themselves and the SM lepton doublet, can show variations of the seesaw mechanism in which the mass scales for the new particles is not necessarily large. In the literature, those variations are called as low scale seesaw [33, 34, 35] , and our focus will be on the inverse seesaw mechanism [34, 36] .
In this work we propose a mechanism in which neutrino physics and a Majoron DM candidate are joined together. We use this setting as a scheme based of the inverse seesaw mechanism which is in turn spontaneously generated. The spontaneous symmetry breaking gives rise to a goldstone Majoron and a massive Majoron which is our DM candidate. We describe the basics of the inverse sessaw and our model in Section 2. The implications of our model for the Majoron DM are shown in Sections 3 and 4. Finally, the conclusions are in Section 5.
The spontaneous inverse seesaw model
As it was advanced, throughout the work we will focus on the inverse seesaw mechanism for neutrino mass generation [34] . In particular, during this section, we will embed this model in a scheme where it is spontaneously generated (although efforts in this way have been presented before, see for instance [37] ). On top of that, throughout this section the particle content of the model and its interactions will be described.
The inverse Seesaw
Among the different schemes for neutrino mass mechanism, the inverse seesaw scenario is characterized by 2 mass scales, which are associated to 2 new fermion singlets per active neutrino species added to the neutrino sector [36] . These new singlets give rise to heavy neutrinos with masses above the TeV scale. This scenario is adequate to be tested with current or near-future planned experiments.
The mass lagrangian for the inverse seesaw can be written as [36, 38] :
where
is composed by the SM neutrino ν L and the new singlet fermions N 1,2 , then the mass matrix M is
The blocks M and µ characterize the inverse seesaw and m D is the Dirac block.
where y i are yukawa couplings that after SSB give rise to Eq. 1. The Higgs doublet is defined by
is the (pseudo)scalar component of the Higgs doublet whose vev is v h 246 GeV, while χ + is its charged component.
We have included 2 complex scalar S and X charged with lepton number, but both singlets under SU (2) L and with zero hypercharge. After the SSB, these fields acquire non-zero vevs, and thus, the mass parameters of the inverse seesaw are defined by:
By fixing the values of M and µ and since the yukawa couplings cannot exceed the perturbative limit of √ 4π, we obtain lower bounds for v S and v X : The U (1) l charges have been assigned by requiring Eq. 7 to be lepton number invariant, and they are shown at Table 1. Note that not all the charges can be fixed by Eq. 7, which leaves the assignations of the fields N 2 , S and X completely free as a function of the lepton number of N 2 , which is called x. This value can be restricted depending on the scalar potential, an issue depicted in the following subsection.
Scalar potential
The scalar potential for the new singlets S and X is given by
where µ 2 i are positive mass terms, λ i are adimensional couplings allowed by perturbative limit, and V I is an S − X interaction term given by:
where δ is a CP-phase for the coupling λ cp which is positive ‡.
The addition of V I fixes the lepton number of the new fields as a function of x. For this particular case, the charge assignations are
, and L S = 1 − x = 2/5, where we have demanded that X m S †n is dimension 4. We can also take V I with lower mass dimension in order to keep renormalizability, and thus producing different values of x (see Appendix A).
After SSB, the fields S and X can be written as:
where θ and τ are CP-phases. These complex phases in the vev are indicating spontaneous violation of CP. Moreover, considering the role of δ at 12, we have two sources of CP-violation in this model, whose consequence is allowing the mixing scalar/pseudoscalar [42] .
The remaining terms that include the Higgs part are:
where µ 2 H and λ H are the higgs mass parameter and its quartic self-interaction, while λ HS and λ HX are the couplings between H and the new scalars.
The full scalar potential is the sum of Eqs. 11 and 15,
The physical fields are extracted after the minimization of the V scalar and plugging back into the Lagrangian the solution of the tadpole equations:
it represents all the neutral scalar and pseudoscalar fields of the model but the field χ h . Afterwards, we still need to write and diagonalize the mass matrices in order to get the physical fields.
Regarding the tadpole equations for χ + and χ h , they are trivially satisfied and do not add relevant information in our context. On the other hand, the minimization conditions 17 give rise to the following relations among the parameters:
where ω = v X /v S and = v h /v S which can be as small as 5 × 10 −3 . The first condition implies that all CP-phases are aligned and therefore some level of CP violation must be present.
Mass spectrum
The mass matrix for the scalar and pseudoscalar fields is obtained from
Recall that we ignore the χ +,h fields since they are completely decoupled from the rest of scalars, and thus they correspond to the electroweak goldstone bosons.
The CP-phases just mix up the scalar and pseudoscalar sectors inside M 2 . However, one can transform the mass matrix in such a way that this mixing is rotated away. The corresponding rotation matrix depends exclusively on CP-phases and it takes the form,
As the result of this rotation, the mass matrix takes the following block diagonal form,
corresponds to the scalar mass matrix in the limit δ, θ → 0, and the same happens for the pseudoscalar mass matrix,
for vanishing CP-phases.
The model has 5 mass eigenstates labeled as ζ i , i = 1 . . . 5. The first 2 correspond to those from M The pseudoscalar mass matrix has two eigenstates which are obtained by
The ζ 1 state corresponds to the goldstone boson of the U (1) l breaking and it is commonly known as massless majoron. The second eigenstate has a mass of
and it can be thought as a massive majoron. This state will be considered as the DM candidate of the model and we label it as ζ 2 = J DM . For the purpose of this work, we will keep its mass around the keV range. Therefore it turns out to be λ cp
for ω O(1) and v S > 50 TeV.
On the other hand, the scalar mass matrix provides 3 massive states which can be found by means of a perturbative diagonalization by using
and as perturbative parameters. In that expansion, the SM-like higgs has a mass of
which is valid within this limit. The constraint due to the higgs mass provides restrictions on the values of the couplings of the second term (Eq. 29).
A simplified version for the constraint arises when taking λ 5 = 0 i.e. σ S and σ X as quasi-decoupled states. In this case, the higgs mass is
and it gets a contribution from the couplings λ HX , λ HS , λ X , and λ S . Regardless of the size of the couplings, the mixing between σ h and σ S -σ X is suppressed by terms O( ), this produces that
) and thus the ζ 5 is mostly SM-like higgs. Nevertheless, throughout the paper we will stick to the limit λ HX , λ HS 1, which guarrantees a higgs-like ζ 5 as well and a small mixing of σ h with σ S -σ X .
In the same perturbative scheme, the remaining 2 massive states (ζ 3,4 ) have masses:
where A and ψ come from:
The A parameter can be seen as an alignment between λ S and λ X and therefore it has a range value of a typical adimensional coupling. The ψ term is cos (φ/2) where φ is the mixing angle of the sector σ S and σ X , and since it is a trigonometric function, λ 5 can take positive and negative values. Without imposing any fine tunning of A and ψ, the mass values for ζ 3,4 are expected to be O (v S ).
The mass spectrum of the scalar sector has 3 well defined mass scales. First, we have the light states (< O(keV)) corresponding to the massless and massive majorons. The second scale is determined by the mass of SM-like higgs. And the last one corresponds to the states M ζ 3 and M ζ 4 , given by v S (> 50 TeV).
Majoron dark matter
As it was shown in the previous section, our dark matter candidate corresponds to the massive majoron state (J DM ). In our model, the J DM is a decaying DM candi-date [30, 43, 14] where its decay channels are mainly to neutrinos and massless majorons. In this section, we focus on these modes and also on the majoron dark matter production in the Early Universe.
Dark matter decay
In the case of decaying DM, the main phenomenological constraint comes from the DM lifetime. We assume in our case that the majoron DM has a lifetime τ DM > 10 27 s (Γ DM < 10 −52 GeV) [44] . Besides, in this model, we have two classes of decay modes: fermionic and scalar. The first one comes from Eq. 7 and corresponds to J DM → νν, which is also the typical majoron signature [30, 43, 14, 45] . The second class corresponds to scalar modes coming from the potential (Eq. 16). In this case, they are 2-body decays (J DM → ζ i ζ j ) and 3-body decays (J DM → ζ i ζ j ζ k ). Since we assume a keV majoron, these modes are reduced to J DM → 2ζ 1 and J DM → 3ζ 1 .
Decay into neutrinos:
The decay rate to neutrinos from J DM in this model is
where m ν M J is taken. The terms O L and O R are the couplings to neutrinos which come from the J DM projection on the scalar states H, S, X and ν projection on the fermionic states ν L , N 1,2 . The decay rate can be written in our model as
where the function f is described in Appendix B.1 and it contains the dependence on the parameters of the couplings between neutrinos and the majoron DM. The decay rate can be expanded in powers of µ M = α ∼ 10 −7 , then, the expansion up to order α is:
where the overall factor is:
The decay rate vanishes for ω 0 = 2/3 up to order α and the error carried by this choice produces a decay rate of Γ ν = Γ 0ν (ω 0 ) 4α 2 . This indicates that v X and v S should have similar values satisfying the previous ratio since further powers of α will act as perturbations around that value for ω 0 .
The overall factor can be evaluated at ω 0 giving rise to: this indicates that we still require a factor 10 −12 in order to satisfy the DM stability constraint. However, the Γ ν at ω 0 gets a 10 −14 suppression due to the α 2 factor. Hence it ensures that Γ ν < Γ DM . Nonetheless, the solution at all orders in α for Γ ν = 0 is exact and it is given by:
It is quite remarkable that the µ/M ratio is at the same time relevant for the neutrino mass value in the inverse seesaw mechanism and for the DM lifetime.
Decay into scalars:
The scalar modes can occur only for J DM → 2ζ 1 and J DM → 3ζ 1 due to M J is O(keV) and the heavy scalars have masses larger than 100 GeV. The couplings needed to calculate the decay rate come from the scalar potential after writing it in terms of the mass eigenstates and taking the corresponding derivatives:
Afterwards, the decay rate for the 3-body process can be calculated as
where λ eff 2111 includes the diagrams depicted in Fig. 1 . Notice that the contributions for this coupling come directly from the scalar potential and from the combined contributions from the heavy scalars. Given a J DM with a mass in the keV range, we can safely integrate out the effect of the heavy mediators giving rise to: 
where the relevant expressions for λ 2ij and λ 2111 are shown in Appendix B.2.
Our aim is to obtain λ eff 2111 0 in order to stabilize the DM. The first 3 terms come from Eq. 11 and they are mainly unsuppressed quartic couplings. On the other hand, we found that last term in Eq. 43 contains an overall factor of (M J /v S ) 4 which comes from Eq. 12. This last term, eventually, will provide the main contribution to the decay rate whether all the other terms are vanished, so that we can estimate a typical value of the decay rate when only this term is present. In such conditions, the decay is given by:
where the function F (A, ψ, ω, λ h , λ HS , λ HX ) goes to zero when both couplings λ HS and λ HX go to zero. For a wide range of the values of the couplings, we obtain that F ∼ O(1). This implies that the decay rate is suppressed mainly by (M J /v S ) 8 . Hence, an orders of magnitude evaluation of the decay rate is given by:
The last estimation indicates that Γ 3ζ , when only the contribution of the higgs is considered, is larger than our benchmark for Γ DM by 48 orders of magnitude. This implies that the decay mediated does not spoil the DM lifetime whatsoever, and it can be safety neglected under our assumptions. Now our concern is to vanish the remaining terms in Eq. 43:
The full expressions involved in this equation in the limit λ HX , λ HS 1 are given in Appendix B.2. The first term comes directly from the scalar potential and it is not necessarily suppressed. However it does contain terms proportional to (M J /v S ) 2 that can be neglected. The last 2 terms are always present and require that 0 < ψ < 1 to be well defined (see Eqs. B.9 and B.12). This condition forces to have a non-zero λ 5 via the value of A. At this point and due to the complexity of the expressions involved at Eq. 46, we will explore the parameter space with a numerical scan which we are going to discuss in the next section.
Dark matter production
In this section, we aim to describe a tentative framework for the DM production in the Early Universe. Our DM candidate J DM shares similar properties with a Feebly Interacting Massive Particle (FIMP) [46] by means of suppressed coupling with the SM-like higgs and active neutrinos. However, the couplings of J DM to the heavy scalars ζ 3 and ζ 4 may not be necessarily suppressed, and in turn, the couplings of these particles with the SM-like higgs might take a wide range of values. This makes the heavy scalars to be able to interact with the rest of the thermal bath, and subsequently decay to J DM . Indeed, the same logic could be applied to the process involving heavy neutrinos. Under these conditions, and since we assume a keV DM candidate, the production mechanism cannot be addressed with the typical freeze-out for J DM , which is used in WIMP-DM models to reproduce the relic abundance [47] .
On top of having J DM as a FIMP, the Lightest Observable Sector Particle (LOSP) could be either the lighest of the heavy neutrinos or the lightest between ζ 3,4 because all of them have U (1) l charges. Due to the interplay among all particles of the model, the relic abundance calculation has many edges which at first sight are unclear, however, we will sketch some relevant processes involved in the production.
Some of the prototype processes for the DM production can be summarized either by a quartic interaction like λ ζ 3 ζ 4 J Focusing now only on the couplings of the scalar sector, we realize that the ones between J DM -ζ 3,4 , and ζ 3,4 -ζ 5 are not necessarily suppressed, and they are controlled mainly by λ X,S and λ HX,HS respectively. Oppositely, the coupling in J DM -ζ 5 is suppressed by the ratio (
The lagrangian L int = y LL HN 1 , where the yukawa value is proportional to m D , gives rise to the interactions νζ 5 N ( ) . Besides, the lagrangian L int = y S SN 1 N 2 , where the coupling is proportional to M , gives rise to interactions J DM N ( ) N ( ) . In both cases, the couplings are controlled by the inverse seesaw and, in our setup, they are y L 0.1 and y S 1. All of this produces an interplay between neutrinos, higgs, and DM, similar to the scalar sector and the interplay among heavy scalars and majorons.
In the Early Universe, the evolution of the DM yield depends directly on the interaction of ζ 3,4 and/or N ( ) with the SM. In this way, the yields of LOSPs act as portals between SM and DM. The combined processes are present meanwhile T m LOSP . This means that LOSPs are likely in thermal equilibrium. After that, they will decouple from the thermal bath in a similar way to the freeze-out, transferring subsequently their yields to J DM and ζ 1 via LOSP decays. However, not all of the final DM yield comes necessarily from these decays. If the DM-LOSP couplings are large enough, DM could reach thermal equilibrium assisted by LOSP's interactions and thus a fraction of the DM yield comes from the DM freeze-out. Otherwise, i.e. for small couplings, the outcoming fraction of the DM could be explained via freeze-in. A more complete calculation of the DM abundance will be given in a future work.
Discussion
Up to this moment, we have described the expression for the J DM decay into neutrinos and three ζ 1 . However, in this section, we aim to perform numerical analysis based on the stability of the DM candidate since this is the observable that constraints most the couplings. Since we know the DM lifetime is extremely large and our model does not include a ad-hoc stabilizing symmetry, it is expected that the correlations among parameters must be strong. In any case, we could assume that the correlations are the consequence of an unknown unified symmetry. Moreover, in this part, we will not include Table 2 : Benchmarks and scan range for parameters in the J DM → νν decay.
constraints coming from the DM relic abundance.
In the first place, the channel to neutrinos will be analyzed. As we can see from Appendix B.1, the formuli regarding the couplings O L and O R shown at the Eq. 35 just depend on the parameters m D , M , ω, v S , and m ν . Although in this case, a dependence on the mass of the neutrino appears in order to make the parameter space compatible with m ν ∼ 0.1 eV (See Tab. 2). It is evident to realize that vanishing couplings imply a vanishing amplitude Γ (J DM → 2ν). Thus, given a set of M , m D and v S , one can search for an ω that makes J DM decay to neutrinos in cosmological times. In Fig. 2 , we present the result of a scan on the J DM decay width in the plane: v S versus ω. We showed in Eq. 40 that ω 2/3 makes the couplings O L and O R vanish. In this plot, we present the decay width variability for a range of ω values. We highlight, with the dashed line, the frontier of the DM lifetime. For smaller values of v S , DM lifetime requires that omega must be very close to 2/3, indicating a rather strong vev alignment among S and X. In opposition, larger values of v S weakens this alignment, since there is an overall factor v −2 S in the decay width (Eq. 37).
In the analysis of the scalar decay, as it was described in the previous section, the approach is to vanish the non-Higgs part of the coupling λ eff 2111 (i.e. Eq. 46). The Higgs part is neglected because it is extremely suppressed. Besides, the scalar sector parameter space is mostly independent of the fermion sector, although it is connected by ω and v S . Thus, we look for an interplay among the parameters A, ψ, λ X , and ω that satisfies Eq. 46.
In Fig. 3 , we show the combinations of ψ and ω that vanish the decay width for 2 values of A = (0.2, 0.5) and 5 for λ X in different shades of blue. This selection was made in order to show a general trend in the dependence between ψ and ω. The blue curves range from the largest possible λ X (lightest blue line) given by the perturbation limit, to a smaller value (λ X = 0.1, darkest blue). The left-most value of each curve indicates a solution when ψ starts to become complex or stops to represent a cosine of an angle. The light green zone corresponds to the range of ω compatible with the decay to neutrinos for v S ∼ 10 11 GeV. The vertical dashed line is simply ω = 2/3. The scanned range of ω was up to 3 in order to explore a ratio v X more or less in the same order of magnitude of v S . Besides, we include the constraint that the heaviest scalars are above the TeV scale. By comparing both plots in Fig. 3 , we observe that the perturbative limit for λ X sets a minimum ψ(ω)-curve. This minimum curve grows with larger values of A. In opposition, the maximum ψ(ω)-curves are related with the smallness of λ X , however λ X 0 puts problems with the vacuum stability. Similar information is shown in Fig. 4 , where we present the zero decay width solution for A versus ω. Here we observe that the pertubative limit of λ X produces a maximum A(ω)-curve for each choice of ψ.
For both Figs. 3 and 4 , we show that there is a smooth transition for different values of λ X and the combinations of ψ, A, and ω that make the decay width zero. This implies that the solutions belong to a smooth volume in the parameter space, and therefore, one can always find one parameter when the other 3 have been given. Besides, we find that extreme values of A (∼ 0), and ψ ( 1.0 , 0.0), are not favored by the DM stability condition and these values could lead to tachyonic states of ζ 3 or ζ 4 . Moreover, when we focus on the green region, we find that the most of the curves pass through it. This is showing that there is a natural compatibility among the solutions for the neutrino and scalar decay modes independently. An interesting case regards the higgs physics, in our model the mixing among the CP-even scalars gives a SM-like higgs that is weakly mixed with the rest of the scalars by a factor v h /v S . However, this mixing does not forbid a contribution to the invisible higgs decay, namely H → J DM J DM , J DM ζ 1 , ζ 1 ζ 1 . These processes come directly from the scalar potential via couplings λ HS , λ HX , and λ cp , which are translated into λ 215 , λ 115 , and λ 225 (See Eqs. B.18, B.19, and B.20, respectively). We observe that all these couplings are suppressed by (M J /v S ) 2 , therefore the decay width is suppressed by (M J /v S ) 4 . After evaluation, we obtain that the higgs decay width is O (10 −44 ) GeV and thus these processes cannot be constrained using the measurement of the invisible higgs decay [48, 49] . The role of CP-phases in the decay width either in the scalar or neutrino modes is not an issue. In the scalar sector, most of the effect is washed out by the tadpole equations that fix the relation among the 3 phases: θ, τ , and δ. In the case of neutrinos, in addition to our CP-phases, we could include extra phases in the yuwakas: y L , y S , and y X . However, we decided to keep the inverse seesaw mass terms real, and hence, the possible impact of CP-phases in the phenomenology is absorbed. If we wanted to add effect of CP-phase, we should either relax the condition of real mass terms or add more families of neutrinos.
This addition of CP-phases effects in the DM decay adds an improvement on this setup. A different improvement is to promote from a global U (1) l symmetry to a gauge one. This would relax the correlations in the scalar sector, because the ζ 1 would be eaten by the corresponding gauge boson after the SSB. The latter feature is going to be worked out in a future work.
Conclusions
In this work, we propose an extension of SM where neutrinos are Majorana particles and they become massive through an inverse seesaw mechanism which arises from the spontaneous symmetry breaking of the lepton number. Our model allows us to have a massive Majoron as a DM candidate. This latter particle has the following characteristics: i) Its mass comes from the mixing in the pseudoscalar sector. The mixing arises due to the lepton number charges needed by the neutrino and scalar sectors to make the lagrangian invariant under lepton number. The mass range could go from the keV's up to TeV's, although we have explored just the keV region. ii) It is metastable and its main decay channels are to neutrinos and massless Majorons. These channels are similar to models with Majorons as pseudo-goldstone bosons. For simplicity, we test the model assuming one family of active neutrinos, although the extension to 3 families can be easily implemented.
The introduced scalars, that give rise to the inverse seesaw mechanism, also allow the spontaneous breaking of CP invariance. Nevertheless the effect is not present in our model's phenomenology because we included just one family of active neutrinos.
The DM candidate stability is very fragile in this model because we did not include any ad-hoc stabilizing symmetry. However, we found that there is always a region in the parameter space where the massive Majoron has a lifetime longer than 10 27 s and, therefore, it can be considered as a good DM candidate.
Moreover, we found that the ratio among vevs, ω, has a very important role in the decay channel to neutrinos. The value ω = 2/3 can vanish the decay mode to neutrinos presenting a tantalizing vev alignment for model building. The scalar decay modes are the most crucial because the drastical effect on the total DM lifetime and from the point of view of scan of the parameter space. Nevertheless, we found that the decay width vanished in a region of the parameter space of the scalar sector. We also discussed how to rid off the scalar decay modes by promoting the global lepton symmetry to a local one. We discuss possible ways on how to estimate the DM relic abundance in terms of a freeze-in scenario.
In general words, the model presents an interesting relation between the neutrino mass mechanism and origin of the massive Majoron as a DM candidate.
Appendix A. Lepton charge assignments
In this section, we examine the most general way in which the lepton charges are fixed for the fields N 1 , N 2 , S and X. As we advanced, the Yukawa couplings at Eq. 7 will fix the value for the lepton numbers of the field N 1 . However, this does not fix the charges for the new scalars S and X, nor for N 2 . The final assignation can be obtained after considering the following general scalar potential:
iδ X m S †n + h.c. , (A.1)
After demanding that V I is renormalizable, we can choose the values of m and n that subsequently will fix the values of lepton number for S and X. Thus, one has a collection of models formed by taking m + n = 2, 3, 4. Notice that we still have to choose one value for m and n. By now, we choose m + n = 4 and, by following the assignation made at the Table 1 , we establish conditions in order to make A.1 invariant under lepton number. m + n = 4 and m (2x) − n (1 − x) = 0 ⇒ x = n n + 2m = n 8 − n (A.2)
Recall that n, m are integers running from 1 . . . 3 (0 and 4 will break lepton number explicitly). Therefore, for n = 3 and m = 1, one has x = 3/5, as it was stated in the section 2.2. At the Table A1 , we present the lepton number charges for different values of n for m + n = 4. In order to show a case with a different choice of m + n, at the Table A2 we present the lepton numbers of the fields after considering m + n = 3 at Eq. A.1.
Appendix B. Couplings
In this section we describe briefly the relevant couplings used in this work, with an special emphasis in the interactions participating in the decays of the Majoron. Table A2 : Charge assignment of different models for m + n = 3. Since the relevant couplings for the DM decay in the scalar sector are cuartic, they have no mass dimensions. This is respected by the effective coupling at Eq. 43, which makes the entire coupling independent of mass scales, and thus, it just depends on the adimensional parameters we set (namely A, ω, ψ, λ h , λ X and M J /v S ).
First, it is shown the formula for the direct contribution to this coupling: , which share some similarities.
